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(57) ABSTRACT

A semiconductor device includes a substrate including an
active region and a field region, first gate structures disposed
on the active region, first air gaps disposed between the first
gate structures, second gate structures disposed on the field
region, second air gaps disposed between the second gate
structures, and an interlayer insulating layer disposed on the
first gate structures, the first air gaps, the second gate struc-
tures, and the second air gaps. A lowermost level of the
second air gaps is lower than a lowermost level of the first gate
structures.
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SEMICONDUCTOR DEVICE AND METHOD
OF FABRICATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. §119 to
Korean Patent Application No. 10-2012-0036154 filed on
Apr. 6, 2012, the disclosure of which is hereby incorporated
by reference in its entirety.

BACKGROUND

1. Field

Embodiments relate to a semiconductor device having an
air gap and an impurity region and a method of fabricating the
same.

2. Description of the Related Art

A semiconductor device includes gate structures and impu-
rity regions. Research into reducing parasitic capacitance
between gate structures and a short channel effect between
impurity regions in semiconductor devices is being con-
ducted.

SUMMARY

Embodiments are directed to a semiconductor device
including a substrate including an active region and a field
region, first gate structures disposed on the active region, first
air gaps disposed between the first gate structures, second
gate structures disposed on the field region, second air gaps
disposed between the second gate structures, and an inter-
layer insulating layer disposed on the first gate structures, the
first air gaps, the second gate structures, and the second air
gaps. A lowermost level of the second air gaps is lower than a
lowermost level of the first gate structures.

The second air gaps may include an undercut formed under
adjacent second gate structures.

Alowermost level of the first air gaps may be coplanar with
the lowermost level of the first gate structures.

The lowermost level of the first gate structures may be
coplanar with an uppermost level of the active region.

The field region may include a trench and a field insulator
filling the trench. The field insulator may include recess
regions disposed between the second gate structures. The
second air gaps may extend into the inside of the recess
regions.

The active region may include impurity regions between
the first gate structures. A vertical depth of the impurity
regions may be smaller than a vertical distance between a
lowermost level of the recess regions and a lowermost level of
the second gate structures.

An uppermost level of the field insulator may be lower than
a lowermost level of the second gate structures.

A plane including an uppermost level of the active region
may be between the uppermost level of the field insulator and
the lowermost level of the second gate structures.

A difference between a vertical height of the first gate
structures and a vertical height of the first air gaps may be
smaller than a difference between a vertical height of the
second gate structures and a vertical height of the second air
gaps.

The vertical height of the first gate structures may be
greater than the vertical height of the second gate structures.

Embodiments are also directed to a semiconductor device
including a substrate including an active region and a field
region, gate structures intersecting the active region and the
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field region, air gaps disposed between the gate structures,
and an interlayer insulating layer disposed on the gate struc-
tures and the air gaps. A lowermost level of the air gaps may
be lower than a lowermost level of the gate structures.

The lowermost level of the air gaps may be located in the
field region.

The lowermost level of the gate structures may be located
in the active region.

An uppermost level of a lower level profile of the air gaps
may be lower than the lowermost level of the gate structures.

A step difference of a lower level profile of the air gaps may
be greater than a step difference of an upper level profile of the
air gaps.

Embodiments are also directed to a semiconductor device
including a substrate including an active region and a field
region, first gate structures disposed on the active region, first
air gaps disposed between the first gate structures, second
gate structures disposed on the field region, second air gaps
disposed between the second gate structures, and an inter-
layer insulating layer disposed on the first gate structures, the
first air gaps, the second gate structures, and the second air
gaps, impurity regions in the active region of the substrate
between the first gate structures, A maximum width of the
impurity regions in a direction between adjacent first gate
structures may be less than a distance between the adjacent
first gate structures.

Each first gate structure may include a tunnel insulating
pattern directly on the substrate, the tunnel insulating pattern
protruding horizontally with respect to side surfaces of the
first gate structure. The tunnel insulating pattern may not
overlap the impurity regions between the adjacent first gate
structures.

The second gate structures may be disposed on a field
insulator in the field region. The field insulator may include
recess regions between the second gate structures. Each sec-
ond air gap may extend into a respective recess region.

Undercuts may be formed in the field insulator under adja-
cent second gate structures such that a maximum width of the
second air gap between adjacent second gate structures is
greater than a distance between the adjacent second gate
structures.

The impurity regions may be formed by a process includ-
ing forming a buffer layer covering preliminary first gate
structures, preliminary second gate structures, a preliminary
tunneling insulating layer, and a preliminary field insulator,
doping the substrate with a dopant, and removing the buffer
layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Features will become apparent to those of skill in the art by
describing in detail exemplary embodiments with reference
to the attached drawings in which:

FIG. 1 illustrates a layout view showing a semiconductor
device according to a an exemplary embodiment;

FIG. 2A illustrates a cross-sectional view showing the
semiconductor device taken along lines I-I' and II-IT' of FIG.
1

FIG. 2B illustrates a cross-sectional view showing the
semiconductor device taken along lines I1I-I1I' and IV-IV' of
FIG. 1,

FIGS. 3A and 3B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment;

FIGS. 4A and 4B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment;
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FIGS. 5A and 5B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment;

FIGS. 6A and 6B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment;

FIGS. 7A to 25A and 7B to 25B illustrate cross-sectional
views sequentially showing stages of a method of fabricating
a semiconductor device illustrated in FIGS. 2A and 2B;

FIG. 26 illustrates a flow chart showing stages of a method
of fabricating a semiconductor device according to the exem-
plary embodiment illustrated in FIGS. 2A and 2B;

FIGS.27Ato 30A and 27B to 30B illustrate cross-sectional
views sequentially showing stages of a method of fabricating
a semiconductor device according to another exemplary
embodiment;

FIG. 31 illustrates a flow chart illustrating stages of a
method of fabricating a semiconductor device according to
the exemplary embodiment illustrated in FIGS. 27A to 30A
and 27B to 30B;

FIGS. 32A, 32B, 33A and 33B illustrate cross-sectional
views sequentially showing stages a method of fabricating a
semiconductor device according to another exemplary
embodiment;

FIG. 34 illustrates a block diagram showing an electronic
device including a semiconductor device according to exem-
plary embodiments;

FIG. 35 illustrates a perspective view showing a mobile
device including a semiconductor device according to exem-
plary embodiments;

FIG. 36 illustrates a block diagram showing a data storing
device including a semiconductor device according to exem-
plary embodiments; and

FIG. 37 illustrates a block diagram showing an electronic
system including a semiconductor device according to exem-
plary embodiments.

DETAILED DESCRIPTION

Example embodiments will now be described more fully
hereinafter with reference to the accompanying drawings;
however, they may be embodied in different forms and should
not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the art.

In the drawing figures, the dimensions of layers and
regions may be exaggerated for clarity of illustration. It will
also be understood that when a layer or element is referred to
as being “on” another layer or substrate, it can be directly on
the other layer or substrate, or intervening layers may also be
present. Further, it will be understood that when a layer is
referred to as being “under” another layer, it can be directly
under, and one or more intervening layers may also be
present. In addition, it will also be understood that when a
layer is referred to as being “between” two layers, it can be the
only layer between the two layers, or one or more intervening
layers may also be present. Like reference numerals refer to
like elements throughout.

Although the terms first, second, etc. may be used herein to
describe various elements, these elements should not be lim-
ited by these terms. These terms are only used to distinguish
one element from another. For example, a first element could
be termed a second element, and, similarly, a second element
could be termed a first element, without departing from the
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scope of exemplary embodiments. As used herein, the term
“and/or” includes any and all combinations of one or more of
the associated listed items.

It will be understood that, if an element is referred to as
being “connected” with another element, it can be directly
connected, or coupled, to the other element or intervening
elements may be present. In contrast, if an element is referred
to as being “directly connected” with another element, there
are no intervening elements present. Other words used to
describe the relationship between elements should be inter-
preted in a like fashion (e.g., “between” versus “directly
between,” “adjacent” versus “directly adjacent,” etc.).

The terminology used herein is for the purpose of describ-
ing particular embodiments only and is not intended to be
limiting of example embodiments. As used herein, the singu-
lar forms “a,” “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises,”
“comprising,” “includes” and/or “including,” if used herein,
specify the presence of stated features, integers, steps, opera-
tions, elements and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components and/or groups
thereof.

Spatially relative terms (e.g., “beneath,” “below,” “lower,”
“lowermost,” “above,” “upper,” “uppermost,” and the like)
may be used herein for ease of description to describe one
element or a relationship between a feature and another ele-
ment or feature as illustrated in the figures. It will be under-
stood that the spatially relative terms are intended to encom-
pass different orientations of the device in use or operation in
addition to the orientation depicted in the figures. For
example, if the device in the figures is turned over, elements
described as “below” or “beneath” other elements or features
would then be oriented “above” the other elements or fea-
tures. Thus, for example, the term “below” can encompass
both an orientation that is above, as well as, below. The device
may be otherwise oriented (rotated 90 degrees or viewed or
referenced at other orientations) and the spatially relative
descriptors used herein should be interpreted accordingly.

Exemplary embodiments are described herein with refer-
ence to cross-sectional illustrations that are schematic illus-
trations of idealized embodiments (and intermediate struc-
tures). As such, variations from the shapes of the illustrations
as a result, for example, of manufacturing techniques and/or
tolerances, may be expected. Thus, exemplary embodiments
should not be construed as limited to the particular shape
illustrated herein but may include deviations in shapes that
result, for example, from manufacturing. Thus, the regions
illustrated in the figures are schematic in nature and their
shapes do not necessarily illustrate the actual shape of a
region of a device and do not limit the scope.

It should also be noted that in some alternative implemen-
tations, the functions/acts noted may occur out of the order
noted in the figures. For example, two figures shown in suc-
cession may in fact be executed substantially concurrently or
may sometimes be executed in the reverse order, depending
upon the functionality/acts involved.

In order to more specifically describe exemplary embodi-
ments, various aspects will be described in detail with refer-
ence to the attached drawings. However, the present invention
is not limited to exemplary embodiments described.

FIG. 1 illustrates a layout view showing a semiconductor
device according to an exemplary embodiment.

Referring to FIG. 1, a semiconductor device according to
an exemplary embodiment may include active regions ACT
and a field region FLD. The active regions ACT may be
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defined by the field region FLD. The semiconductor device
may further include a ground select line GSL,, a string select
line SSL, and a plurality of word lines WLs. The ground select
line GSL,, the string select line SSL, and the plurality of word
lines WLs may intersect the active regions ACT and the field
region FLD. The ground select line GSL, the string select line
SSL, and the plurality of word lines WLs may be parallel with
respect to each other. The plurality of word lines WLs may be
disposed between the ground select line GSL and the string
select line SSL.

FIGS. 2A and 2B illustrate cross-sectional views showing
a semiconductor device according to an exemplary embodi-
ment.

FIG. 2A illustrates a cross-sectional view showing the
semiconductor device taken along lines I-I' and II-II' of FIG.
1, and FIG. 2B illustrates a cross-sectional view showing the
semiconductor device taken along lines and IV-IV' of FIG. 1.
For example, the semiconductor device according to the
exemplary embodiment may include a flash memory device.

Referring to FIGS. 2A and 2B, the semiconductor device
according to this exemplary embodiment may include a sub-
strate 100, gate structures 200, air gaps 300, and an interlayer
insulating layer 500. The gate structures 200 may be consid-
ered as the plurality of word lines WLs of FIG. 1. The gate
structures 200 may include first gate structures 201 and sec-
ond gate structures 206. The first gate structures 201 may be
disposed on the active regions ACT. The second gate struc-
tures 206 may be disposed on the field region FLD. The first
gate structures 201 and the second gate structures 206 may be
considered as portions of the gate structures 200. For
example, the first gate structures 201 may be considered as
portions of the gate structures 200 that are disposed on the
active regions ACT. The second gate structures 206 may be
considered as portions of the gate structures 200 that are
disposed on the field region FL.D.

The air gaps 300 may be disposed between the gate struc-
tures 200. The interlayer insulating layer 500 may be dis-
posed between and over the gate structures 200 such that the
air gaps 300 are between the interlayer insulating layer 500
and either an active region ACT or the field region FCT.

The substrate 100 may include a semiconductor substrate,
such as a silicon wafer or a silicon-on-insulator (SOI) wafer.
The substrate 100 may include the active regions ACT and the
field region FLLD. On the active regions ACT, the gate struc-
tures 200 may be formed directly on the substrate 100. For
example, on the active regions ACT, an upper surface of, e.g.,
each of the active regions ACT is coplanar with a lowermost
level B of the gate structures 200. Herein, terms such as
“lowermost” and “bottommost™ are to be understood as refer-
ring to a relative position in a direction away from the gate
structures 200 and into the substrate 100, e.g., in a direction
normal to the substrate 100. Terms such as “uppermost” are to
be understood as referring to a relative position in a direction
away from the substrate 100 and toward the gate structures
200, e.g. in a direction normal to the substrate and opposite to
the direction defining “lowermost” and “bottommost.”

Bottommost elements 211 of the gate structures 200 may
horizontally protrude from side surfaces of the gate structures
200. For example, side end portions of the bottommost ele-
ments 211 of the gate structures 200 may extend along the
upper surface of the active regions ACT to protrude in a shape
of a tapered footing.

The active regions ACT may include impurity regions
100a. The impurity regions 100a may be formed between the
gate structures 200. The impurity regions 100a may include
source and drain regions. For example, the impurity regions
100a may include N-type dopants. The impurity regions 100a
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may have a first vertical depth Vd1 from the upper surface of
the active regions ACT toward a bulk of the active regions
ACT.

The impurity regions 100a may have a maximum horizon-
tal width Wd on the upper surface of the active regions ACT.
The maximum horizontal width Wd of the impurity regions
100a may not be aligned with an end portion of the tapered
footing of the bottommost elements 211 of the gate structures
200. For example, the maximum horizontal width Wd of the
impurity regions 100a may be smaller than a maximum hori-
zontal width between the end portions of the tapered footing
of the bottommost elements 211 of the gate structures 200.
The maximum horizontal width Wd of the impurity regions
100a may be smaller than an inter-gate spacing distance Hg
between the gate structures 200 (Wd<Hg).

The impurity regions 100a may be separated by an inter-
impurity-region spacing distance Hd with respect to each
other. The inter-impurity-region spacing distance Hd may be
considered as a separated spacing between the impurity
regions 100a on the upper surface of the active regions ACT.

The semiconductor device according to the exemplary
embodiment may have a maximum horizontal width Wd of
impurity regions 100a that is relatively narrow and an inter-
impurity-region spacing distance Hd that is relatively wide.
For example, in the semiconductor device according to the
exemplary embodiment, the length of a channel may increase
by as much as the horizontal width of the source/drain region
narrows. As such, in the semiconductor device according to
the exemplary embodiment, a short-channel effect (SCE)
may be reduced.

The field region FLD may include a trench 1007 formed in
the substrate 100 and a field insulator 101 filled in the trench
100¢. An upper surface of the field insulator 101 may be
higher than that of the active regions ACT. The field insulator
101 may include an oxide, a nitride, or a combination thereof.
For example, the field insulator 101 may include silicon oxide
and/or silicon nitride.

The field insulator 101 may include a plurality of recess
regions 1017. The air gaps 300 may extend into the inside of
the recess regions 101. The air gaps 300 may include a space
on a recessed surface of the recess regions 1017. A lowermost
level A of the recess regions 1017 may be higher than a
lowermost level E of the impurity regions 100a. The lower-
most level A of the recess regions 1017 may be considered as
alowermost level of the recessed surface of the recess regions
1017. The recess regions 1017 may have a second vertical
depth Vd2 from the upper surface of the field insulator 101
toward a bulk of the field insulator 101. The second vertical
depth Vd2 may be considered as a vertical distance between
the lowermost level A of the recess regions 1017 and the
lowermost level F of the gate structures 200 on the field region
FLD. The second vertical depth Vd2 may be greater than the
first vertical depth Vd1.

Each of the recess regions 1017 may have a maximum
horizontal width Wrl on an upper surface of the field region
101. The maximum horizontal width Wrl of the recess
regions 1017 may be greater than the maximum horizontal
width Wd of the impurity regions (Wr1>Wd).

The recess regions 1017 may be separated by a first inter-
recess spacing distance Hb1 with respect to each other. The
first inter-recess spacing distance Hb1 may be considered as
a recessed spacing between the recess regions 1017 on the
upper surface of the field insulator 101. The first inter-recess
spacing distance Hb1 may be smaller than the inter-impurity-
region spacing distance Hd (Hb1<Hd). The recess regions
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1017 may partially overlap the gate structures 200. For
example, the recess regions 1017 may include undercuts
under the gate structures 200.

Each of the gate structures 200 may include a tunnel insu-
lating pattern 211, a floating gate 220, an inter-gate insulating
pattern 230, and a control gate 240, which are sequentially
stacked. A gate horizontal width Wg may be considered as a
horizontal width of any one element of the gate structures
200. For example, the gate horizontal width Wg may be
considered as a horizontal width of the control gate 240. The
inter-gate spacing distance Hg may be considered as a spac-
ing distance between the same elements of the gate structures
200. For example, the inter-gate spacing distance Hg may be
considered as a spacing distance between control gates 240 of
the gate structures 200. The gate horizontal width Wg of the
gate structures 200 may be the same on the active regions
ACT and the field region FLLD. The inter-gate spacing dis-
tance Hg between the gate structures 200 may be the same on
the active regions ACT and the field region FLD. The gate
horizontal width Wg of'the gate structures 200 may be smaller
than the inter-impurity-region spacing distance Hd
(Wg<Hd). The inter-gate spacing distance Hg may be smaller
than the maximum horizontal width Wr1 of the recess regions
1017 (Hg<Wrl). The gate horizontal width Wg may be
greater than the inter-recess spacing distance Hbl
(Wg>Hb1).

The tunnel insulating pattern 211 may be formed directly
on the active regions ACT. The tunnel insulating pattern 211
may not be formed on the field region FLD. A side surface of
the tunnel insulating pattern 211 may be vertically aligned
with a side surface of the trench 1017. The tunnel insulating
pattern 211 may include oxidized silicon. For example, the
tunnel insulating pattern 211 may be formed by oxidizing a
surface of the substrate 100.

The tunnel insulating pattern 211 may include a protruded
region 211p. The protruded region 211p may extend horizon-
tally along the upper surface of the active regions ACT. The
protruded region 211p may protrude more than a side surface
of the floating gate 220. The protruded region 211p may
include a sloped surface 211s. The protruded region 211p
may be separated, e.g., spaced apart from the impurity regions
100a.

The floating gate 220 may be formed on the tunnel insu-
lating pattern 211. The floating gate 220 may be formed on the
active regions ACT. The side surface of the floating gate 220
may be vertically aligned with the side surface of the trench
100z

The floating gate 220 may include conductive material. For
example, the floating gate 220 may include doped polycrys-
talline silicon.

The inter-gate insulating pattern 230 may be disposed on
the floating gate 220. The inter-gate insulating pattern 230
may be formed on all of the active regions ACT and the field
region FLD. The inter-gate insulating pattern 230 may inter-
sect the active regions ACT and the field region FLD. The
inter-gate insulating pattern 230 may partially cover the side
surface of the floating gate 220. The inter-gate insulating
pattern 230 between floating gates 220 may contact the field
insulator 101. The inter-gate insulating pattern 230 may
include a plurality of dielectric layers. For example, the inter-
gate insulating pattern 230 may include an oxide layer/a
nitride layer/an oxide layer, which are stacked. For example,
the inter-gate insulating pattern 230 may include a silicon
oxide layer/a silicon nitride layer/a metal oxide layer, which
are stacked. The metal oxide layer may include an aluminum
oxide layer, a hafnium oxide layer, or other various metal
oxide layers. The inter-gate insulating pattern 230 may have a
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repeating uneven shape. The inter-gate insulating pattern 230
may have a higher level on the active regions ACT than on the
field region FLD. The inter-gate insulating pattern 230 may
be thicker than the tunnel insulating pattern 211.

The control gate 240 may be formed directly on the inter-
gate insulating pattern 230. The control gate 240 may inter-
sect the active regions ACT and the field region FLD. The
control gate 240 may extend along the inter-gate insulating
pattern 230. A lower level profile of the control gate 240 may
have a repeating uneven shape. The lower level profile of the
control gate 240 may be considered as a line extending along
a lower level of the corresponding element. The control gate
240 may include conductive material. For example, the con-
trol gate 240 may include polycrystalline silicon. The control
gate 240 may include a dopant. The dopant may be a P-type
dopant. For example, the control gate 240 may include poly-
crystalline silicon containing carbon. The control gate 240 on
the active regions ACT may have a first vertical thickness Vt1.
The control gate 240 on the field region FLLD may have a
second vertical thickness Vt2. The second vertical thickness
Vt2 may be greater than the first vertical thickness Vtl. A
profile of an upper surface of the control gate 240 may be a
wave shape. The upper surface of the control gate 240 may be
relatively higher on the active regions ACT than on the field
region FLD.

Each of the gate structures 200 may further include a metal
silicide pattern 250 formed on the control gate 240, and a
metal gate 260 formed on the metal silicide pattern 250. The
metal silicide pattern 250 and the metal gate 260 may include
the same metal. For example, the metal gate 260 may include
tungsten W. The metal silicide pattern 250 may include tung-
sten silicide. The metal silicide pattern 250 and/or the metal
gate 260 may have a metal horizontal width Wm. The metal
horizontal width Wm may be smaller than the gate horizontal
width Wg (Wm<Wg). Both side surfaces of the metal silicide
pattern 250 and/or the metal gate 260 may be recessed into the
inside of the metal silicide pattern 250 and/or the metal gate
260. The both recessed side surfaces of the metal silicide
pattern 250 may be vertically aligned with the both recessed
side surfaces of the metal gate 260.

Each of the gate structures 200 may further include a pro-
tective pattern 181, which covers both recessed side surfaces
of the metal silicide pattern 250 and/or the metal gate 260.
The protective pattern 181 may cover all of both recessed side
surfaces of the metal gate 260. An outer side surface of the
protective pattern 181 may be vertically aligned with a side
surface of the control gate 240. The protective pattern 181
may include nitride or oxide. For example, the protective
pattern 181 may include silicon nitride. The protective pattern
181 may cover all of both recessed side surfaces of the metal
silicide pattern 250. Both side surfaces of an upper region
240u of the control gate 240 may be recessed into the inside
of'the control gate 240. The protective pattern 181 may cover
both recessed side surfaces of the upper region 240u of the
control gate 240. The horizontal width of the upper region
240u of the control gate 240 may be the same as the metal
horizontal width Wm. The protective pattern 181 may extend
along both recessed side surfaces of the metal silicide pattern
250 and/or the metal gate 260.

Each of the gate structures 200 may further include a hard
mask pattern 420. The hard mask pattern 420 may include a
lower hard mask pattern 421 and an upper hard mask pattern
422. The lower hard mask pattern 421 may be formed on the
metal gate 260. The lower hard mask pattern 421 may include
silicon nitride (SiN). The upper hard mask pattern 422 may be
formed on the lower hard mask pattern 421. The upper hard
mask pattern 422 may include silicon oxynitride (SiON). The
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upper hard mask pattern 422 may be thicker than the lower
hard mask pattern 421. The upper hard mask pattern 422 may
be used as an anti-reflective layer.

The first gate structures 201 may include a stacked struc-
ture of the tunnel insulating pattern 211, the floating gate 220,
the inter-gate insulating pattern 230, the control gate 240, the
metal silicide pattern 250, the metal gate 260, and the hard
mask pattern 420. The tunnel insulating pattern 211 of the
first gate structures 201 may directly contact a surface of the
active regions ACT.

The second gate structures 206 may include a stacked
structure of the inter-gate insulating pattern 230, the control
gate 240, the metal silicide pattern 250, the metal gate 260,
and the hard mask pattern 420. The inter-gate insulating pat-
tern 230 of the second gate structures 206 may directly con-
tact the field insulator 101.

A lowermost level F of the second gate structures 206 may
be higher than a lowermost level B of the first gate structures
201. A lower level profile of the gate structures 200 may be
lower on the active regions ACT than on the field region FL.D.
The lowermost level of the gate structures 200 may be dis-
posed on the active regions ACT.

The lower level profile of the gate structures 200 may have
a first vertical step difference Vgl with respect to the lower
level profile of the gate structures 206. The first vertical step
difference Vgl may be considered as a height difference
between the lowermost level B of the first gate structures 201
and the lowermost level F of the second gate structures 206.
The first vertical step difterence Vgl may also be considered
as a height difference between the upper surface of the active
regions ACT and the upper surface of the field insulator 101.

Each of the first gate structures 201 may have a first vertical
height Vh1. The first vertical height Vh1 may be considered as
a vertical distance, i.e., a distance along a normal to the
substrate, between a lowermost level of the tunnel insulating
pattern 211 and an uppermost level of the hard mask pattern
420 on the active regions ACT. The first vertical height Vh1
may also be considered as a vertical distance between the
upper surface of the active regions ACT and the upper surface
of the hard mask pattern 420 on the active regions ACT.

Each of the second gate structures 206 may have a second
vertical height Vh2. The second vertical height Vh2 may be
considered as a vertical distance between a lowermost level of
the inter-gate insulating pattern 230 and the uppermost level
of the hard mask pattern 420 on the field region FLD. The
second vertical height Vh2 may also be considered as a ver-
tical length between the upper surface of the field insulator
101 and the upper surface of the hard mask pattern 420 on the
field region FLD.

The second vertical height Vh2 may be less than the first
vertical height Vhl. The uppermost level of the first gate
structures 201 may be higher than that of the second gate
structures 206.

An upper level profile of the gate structures 200 may have
a second vertical step difference Vg2. The second vertical
step difference Vg2 may be considered as a height difference
between lowermost and uppermost levels of the upper level
profile of the gate structures 200. The second vertical step
difference Vg2 may be considered as a height difference
between the uppermost level of the first gate structures 201
and the uppermost level of the second gate structures 206.

The second vertical step difference Vg2 may be smaller
than the first step difference Vgl. The second vertical step
difference Vg2 of the upper level profile of the gate structures
200 may be smaller than the first vertical step difference Vgl
of the lower level profile of the gate structures 200
(Veg1>Vg2).
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The air gaps 300 may intersect the active regions ACT and
the field region FLD. The air gaps 300 may be parallel with
respect to the gate structures 200. The air gaps 300 may be
defined by the substrate 100, the gate structures 200, and the
interlayer insulating layer 500.

The air gaps 300 may include first air gaps 301 and second
air gaps 306. The first air gaps 301 may be disposed on the
active regions ACT. The second air gaps 306 may be disposed
on the field region FLD. The first air gaps 301 and the second
air gaps 306 may be considered as a portion of the air gaps
300. For example, the first air gaps 301 may be considered as
a portion of the air gaps 300 on the active regions ACT. The
second air gaps 306 may be considered as the remaining
portion of the air gaps 300 on the field region FL.D.

A lowermost level C of the first air gaps 301 may be the
same as the lowermost level B of the first gate structures 201.
The lowermost level C of the first air gaps 301 may be the
same as the upper surface D of the active regions ACT.

Each of the second air gaps 306 may extend into the inside
of the recess regions 1017. The second air gaps 306 may be
partially and vertically aligned with a lower portion of the
gate structures 200 in the inside of the recess regions 101~.
The second air gaps 306 may include undercuts formed under
the second gate structures 206.

A lowermost level A of the second air gaps 306 may be
lower than the upper surface D of the active regions ACT. The
lowermost level A of the second air gaps 306 may be lower
than the lowermost level C of the first air gaps 301. The
lowermost level of the air gaps 300 may be located in the field
region FLD. An uppermost level of a lower level profile of the
air gaps 300 may be the same as the upper surface of the active
region ACT.

The lower level profile of the air gaps 300 may have a third
vertical step difference V3. The third vertical step difference
Vg3 may be considered as a height difference between the
lowermost level C of the first air gaps 301 and the lowermost
level A of the second air gaps 306. The third vertical step
difference Vg3 may be considered as a height difference
between the lowermost level of the recess regions 1017 and
the upper surface of the active regions ACT. The third vertical
step difference Vg3 may be smaller than the first vertical
depth Vd1 (Vg3<Vd1). The third vertical step difference Vg3
may be smaller than the first vertical step difference Vgl
(Vg3<vgl).

Each of the first air gaps 301 may have a third vertical
height Vh3. The third vertical height Vh3 may be considered
as a vertical distance between the upper surface of the active
regions ACT and a lower surface of the interlayer insulating
layer 500 on the active regions ACT. The third vertical height
Vh3 may be greater than the first vertical height Vhl
(Vh3>Vhl). In the active regions ACT, an uppermost level of
the lower surface of the interlayer insulating layer 500 may be
higher than the uppermost level of the first gate structures
201.

The second air gaps 306 may have a fourth vertical height
Vh4. The fourth vertical height Vh4 may be considered as a
vertical distance between the lowermost level of the recess
regions 1017 and the lower surface of the interlayer insulating
layer 500 on the field region FLD. The fourth vertical height
Vh4 may be greater than the second vertical height Vh2
(Vh4>Vh2). The fourth vertical height Vh4 may be greater
than the sum of the second vertical height Vh2 and the second
vertical depth Vd2 (Vh4>Vh2+Vd2). In the field region FLD,
the uppermost level of the lower surface of the interlayer
insulating layer 500 may be higher than the uppermost level
of the second gate structures 206. An uppermost level of the
air gaps 300 may be in the active regions ACT.
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Anupper level profile of the air gaps 300 may have a fourth
vertical step difference Vgd. The fourth vertical step differ-
ence Vg4 may be considered as a height difference between
the uppermost level of the first air gaps 301 and the uppermost
level of the second air gaps 306. The fourth vertical step
difference Vg4 may be the same as or less than the second
vertical step difference Vg2 (Vgd=Vg2). The fourth vertical
height Vh4 may be the same as or greater than the third
vertical height Vh3 (Vh4=Vh3). A difference between the
first vertical height Vh1 of'the first gate structures 201 and the
third vertical height Vh3 of the first air gaps 301 may be
smaller than a difference between the second vertical height
Vh2 of the second gate structures 206 and the fourth vertical
height Vh4 of the second air gaps 306 (Vhl-Vh3<Vh2-
Vhd).

In the semiconductor device according to the exemplary
embodiment, the second air gaps 306 may extend into the
inside of the recess regions 1017 disposed in the field insulator
101. In the semiconductor device according to the exemplary
embodiment, the lowermost level B of the first gate structures
201 may be higher than the lowermost level A of the second
air gaps 306. For example, in the semiconductor device
according to the exemplary embodiment, the lowermost level
of'the air gaps 300 may be lower than the lowermost level of
the lower level profile of the gate structures 200. Thus, in the
semiconductor device according to the exemplary embodi-
ment, parasitic capacitance between the gate structures 200
may be reduced.

The interlayer insulating layer 500 may be disposed in the
active regions ACT and the field region FLD. The interlayer
insulating layer 500 may include an oxide, a nitride, or a
combination thereof. For example, the interlayer insulating
layer 500 may include silicon oxide.

FIGS. 3A and 3B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment.

Referring to FIGS. 3A and 3B, a semiconductor device
according to an exemplary embodiment may include a sub-
strate 100, gate structures 200, air gaps 300, and an interlayer
insulating layer 500. A field region FLD of the substrate 100
may include a trench 1007 and a field insulator 102. In the gate
structures 200, a side surface of a tunnel insulating layer 212
may be vertically aligned with a side surface of a floating gate
220.

The field insulator 102 may fill the trench 100z. The field
insulator 102 may be spaced apart from the gate structures
200. In the field region FLD, an uppermost level G of the field
insulator 102 may be lower than a lowermost level F of second
gate structures 206. The uppermost level G of the field insu-
lator 102 may be lower than an upper surface of active regions
ACT. An uppermost level of a lower level profile of the air
gaps 300 may be lower than the upper surface D of the active
regions ACT. The uppermost level of the lower level profile of
the air gaps 300 may be lower than a lowermost level of a
lower level profile of the gate structures 200. The uppermost
level G of'the field insulator 102 may be the same as or higher
than a lowermost level E of impurity regions 100a. The field
insulator 102 may include recess regions 102r. The recess
regions 1027 may be spatially connected with each other. A
lowermost level A of the recess regions 1027 may be lower
than the lowermost level E of the impurity regions 100a.

First air gaps 301 and second air gaps 306 may be spatially
connected with each other along a parallel direction to the
gate structures 200. The second air gaps 306, which are adja-
cent along the upper surface of the field insulator 102, may be
spatially connected with each other through lower regions of
the second gate structures 206. The first air gaps 301, which
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are adjacent along a direction intersecting the active regions
ACT and the field region FLLD, may be spatially connected
with each other through lower regions of the second air gaps
306 and the second gate structures 206. The air gaps 300 may
be formed on a lower surface of the second gate structures
206.

FIGS. 4A and 4B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment.

Referring to FIGS. 4A and 4B, a semiconductor device
according to this exemplary embodiment may include a sub-
strate 100, gate structures 200, air gaps 300, and an interlayer
insulating layer 500. A field region FLD of the substrate 100
may include a trench 100¢ and a field insulator 103 filling the
trench 100¢. An upper surface G of'the field insulator 103 may
be the same as a lowermost level F of second gate structures
206. The field insulator 103 may include recess regions 103~.
A lowermost level A of the recess regions 1037 may be lower
than a lowermost level E of impurity regions 100a.

FIGS. 5A and 5B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment.

Referring to FIGS. 5A and 5B, a semiconductor device
according to this exemplary embodiment may include a sub-
strate 100, gate structures 200, air gaps 300, and an interlayer
insulating layer 500. A field region FLD of the substrate 100
may include a trench 100¢ and a field insulator 104 filling the
trench 1007. An uppermost level of the field insulator G 104
may be lower than a lowermost level of impurity regions
100a. The uppermost level G of the field insulator 104 may be
disposed between a lowermost level A of recess regions 1047
and the lowermost level E of the impurity regions 100a. The
air gaps 300 may be disposed between the impurity regions
100a, which are adjacent in a direction intersecting the active
regions ACT and the field region FLD. A step difference of a
lower level profile of the air gaps 300 may be greater than that
of an upper level profile of the air gaps 300. The step difter-
ence of a lower level profile of the air gaps 300 may be greater
than that of a lower level profile of the gate structures 200.

FIGS. 6A and 6B illustrate cross-sectional views showing
a semiconductor device according to another exemplary
embodiment.

Referring to FIGS. 6A and 6B, a semiconductor device
according to an embodiment may include a substrate 100,
gate structures 200, air gaps 300, and an interlayer insulating
layer 500. In a field region FLD of the substrate 100, an
uppermost level G of a field insulator 105 may be disposed
between an upper surface D of active regions ACT of the
substrate 100 and a lowermost level E of impurity regions
10056. A lowermost level of recess regions 1057 of the field
insulator 105 may be lower than the lowermost level E of
impurity regions 1005. The lowermost level E of impurity
regions 1005 may be disposed between the lowermost level A
of the recess regions 1057 and an uppermost level G of the
field insulator 105.

FIGS. 7A to 25A and 7B to 25B illustrate cross-sectional
views depicting stages of a method of fabricating a semicon-
ductor device according to the exemplary embodiment illus-
trated in FIGS. 2A and 2B. FIG. 26 is a flow chart illustrating
a method of fabricating a semiconductor device according to
this exemplary embodiment.

A method of fabricating a semiconductor device according
to this exemplary embodiment will be described by referring
to FIGS. 2A, 2B, 7A to 25A, 7B to 25B, and 26.

Firstly referring to FIGS. 7A, 7B and 26, a method of
fabricating a semiconductor device according to this exem-
plary embodiment may include a process of sequentially
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forming a tunnel insulating layer 110, a floating gate layer
120, and mask patterns 410 on a substrate 100 (S101).

The process of sequential forming the tunnel insulating
layer 110, the floating gate layer 120, and the mask patterns
410 on the substrate 100 may include a process of preparing
the substrate 100, a process of forming the tunnel insulating
layer 110 on the substrate 100, a process of forming the
floating gate layer 120 on the tunnel insulating layer 110, and
a process of forming the mask patterns 410 on the floating
gate layer 120.

The substrate 100 may be a semiconductor substrate such
as a silicon wafer or an SOI wafer. The process of forming the
tunnel insulating layer 110 on the substrate 100 may include
a process of oxidizing a surface of the substrate 100. The
process of oxidizing the surface of the substrate 100 may
include a dry oxidation process. The oxidation process may
include a thermal oxidation process. The process of forming
the tunnel insulating layer 110 may include a process of
forming an oxidized material layer. For example, the process
of forming the tunnel insulating layer 110 may include form-
ing a silicon oxide layer.

The process of forming the floating gate layer 120 on the
tunnel insulating layer 110 may include a chemical vapor
deposition (CVD) process. The chemical vapor deposition
process may include a low pressure CVD (LPCVD) process
and a plasma enhanced CVD (PECVD) process. The process
of forming the floating gate layer 120 may include a process
of forming a conductive layer. For example, the process of
forming the floating gate layer 120 may include a process of
forming a polycrystalline silicon layer.

The mask patterns 410 may define active regions ACT and
a field region FLD. The mask patterns 410 may include a
single mask material layer or a plurality of mask material
layers. For example, the mask patterns 410 may include sili-
con nitride, silicon oxide, a SOH (spin-on-hard mask) and/or
a photoresist.

Referring to FIGS. 8A, 8B and 26, the method may include
a process of forming preliminary floating gates 121 and pre-
liminary tunnel insulating patterns 111 on the substrate 100,
and a trench 100z in the substrate 100 (S102). A formation
region of the trench 1007 may be defined as the field region
FLD. The preliminary tunnel insulating patterns 111 may be
formed using the mask patterns 410 as an etch mask to etch
the tunnel insulating layer 110. The preliminary floating gates
121 may be formed using the mask patterns 410 as the etch
mask to etch the floating gate layer 120. Side walls of the
trench 100z, side surfaces of the preliminary tunnel insulating
patterns 111, and side surfaces of the preliminary floating
gates 121 may be vertically aligned with each other.

Referring to FIGS. 9A, 9B and 26, the method may include
a process of forming a field insulating layer 130 on the sub-
strate 100 (S103). The process of forming the field insulating
layer 130 may include a coating process or a chemical vapor
deposition process. The field insulating layer 130 may
include oxide, nitride, or a combination thereof. The field
insulating layer 130 may be formed to fill the trench 100¢. The
field insulating layer 130 may formed to cover the side sur-
faces of the preliminary tunnel insulating patterns 111 and the
preliminary floating gates 121.

Referring to FIGS. 10A, 10B and 26, the method may
include a process of forming first preliminary field insulators
131 filling the trench 1007 (S104). The process of forming the
first preliminary field insulators 131 may include a process of
planarizing the field insulating layer 130. The process of
planarizing the first preliminary field insulating layer 130
may include a chemical mechanical polishing (CMP) process
or an etch back process. The process of forming the first
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preliminary field insulators 131 may include a process of
exposing upper surfaces of the preliminary floating gates 121.
The process of exposing the upper surfaces of the preliminary
floating gates 121 may include a process of removing the
mask patterns 410. The process of removing the mask pat-
terns 410 may include a planarization process. For example,
the process of removing the mask patterns 410 may include
the CMP process. The process of removing of the mask pat-
terns 410 may be performed together with the process of
forming the first preliminary field insulators 131.

Referring to FIGS. 11A, 11B and 26, the method may
include a process of forming second preliminary field insu-
lators 132 in the trench 1007 (S105). The process of forming
the second preliminary field insulators 132 may include a
process of recessing the first preliminary field insulators 131.
The process of recessing the first preliminary field insulators
131 may include an etch back process. All of the upper sur-
faces, and a portion of the side surfaces of the preliminary
floating gates 121 may be exposed. An upper level of the
second preliminary field insulator 132 may be higher than a
lower level of the preliminary floating gates 121.

Referring to FIGS. 12A, 12B and 26, the method may
include a process of forming an inter-gate insulating layer 140
on the substrate 100 (S106). The process of forming the
inter-gate insulating layer 140 may include a CVD process or
an atomic layer deposition (ALD) process. The chemical
vapor deposition process may include an LPCVD process and
a PECVD process. The inter-gate insulating layer 140 may
include a plurality of dielectrics. For example, the process of
forming the inter-gate insulating layer 140 may include a
process of forming a silicon oxide layer, a process of forming
a silicon nitride layer on the silicon oxide layer, and a process
of'forming a metal oxide layer on the silicon nitride layer. The
metal oxide layer may be foamed of an aluminum oxide layer
or a hafnium oxide layer. The inter-gate insulating layer 140
may be formed to cover the upper surfaces and the exposed
side surfaces of the preliminary floating gates 121. The inter-
gate insulating layer 140 may be formed to contact the second
preliminary field insulator 132. The inter-gate insulating
layer 140 may be formed to have a thicker thickness than the
preliminary tunnel insulating patterns 111.

Referring to FIGS. 13A, 13B and 26, the method may
include a process of forming a control gate layer 150 on the
inter-gate insulating layer 140 (S107). The process of form-
ing the control gate layer 150 may include a CVD process.
The CVD process may include an LPCVD process or a
PECVD process. The process of forming the control gate
layer 150 may include a process of forming a conductive
layer. The process of forming the control gate layer 150 may
include a process of doping a dopant. For example, the pro-
cess of forming the control gate layer 150 may include a
process of forming polycrystalline silicon doped by a P-type
dopant. The control gate layer 150 may be formed to have a
thicker thickness on the field region FLD than on the active
regions ACT.

Referring to FIGS. 14A, 14B and 26, the method may
include a process of forming a metal silicide layer 160 and a
metal gate layer 170 on the control gate layer 150 (S108). The
process of forming the metal silicide layer 160 and the metal
gate layer 170 may include a process of forming the metal
silicide layer 160 on the control gate layer 150, and a process
of forming the metal gate layer 170 on the metal silicide layer
160. The process of forming the metal silicide layer 160 may
include a CVD process or an ALD process. The process of
forming the metal gate layer 170 may include a CVD process
or a physical vapor deposition (PVD) process. The CVD
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process may include an LPCVD process, a PECVD process,
and a metal-organic CVD (MOCVD) process.

Referring to FIGS. 15A, 15B and 26, the method may
include a process of forming hard mask patterns 420 on the
metal gate layer 170 (S109). The hard mask patterns 420 may
be formed to intersect the active regions ACT and the field
region FLD. The process of forming the hard mask patterns
420 may include a process of forming a lower hard mask layer
and an upper hard mask layer, and a process of patterning the
upper hard mask layer and the lower hard mask layer to form
upper hard mask patterns 422 and lower hard mask patterns
421. The lower hard mask patterns 421 may be formed of
silicon nitride (SiN). The upper hard mask patterns 422 may
be formed of silicon oxynitride (SiON). The hard mask pat-
terns 420 may be formed to have the same horizontal width on
the active regions ACT and the field region FLD.

Referring to FIGS. 16A, 16B and 26, the method may
include a process of forming preliminary metal gates 171 and
preliminary metal silicide layers 161 (S110). The process of
forming the preliminary metal gates 171 and the preliminary
metal silicide layers 161 may include a process of etching the
metal gate layer 170 using the hard mask patterns 420 as an
etch mask and a process of etching the metal silicide layer
160. The process of etching the metal gate layer 170 and the
process of etching the metal silicide layer 160 may be sequen-
tially performed. The process of etching the metal gate layer
170 and the process of etching the metal silicide layer 160
may include an anisotropic dry etch process.

Referring to FIGS. 17A, 17B and 26, the method may
include a process of forming metal gates 260 (S111). The
process of forming the metal gates 260 may include a process
of recessing side surfaces of the preliminary metal gates 171.
The process of forming the metal gates 260 may include a
process of partially removing the side surfaces of the prelimi-
nary metal gates 171. The process of partial removing the side
surfaces of the preliminary metal gates 171 may be performed
an isotropic wet etch process.

Referring to FIGS. 18A, 18B and 26, the method may
include a process of forming metal silicide patterns 250
(S112). The process of forming the metal silicide patterns 250
may include a process of partially removing side surfaces of
the preliminary metal silicide patterns 161. The process of
forming the metal silicide patterns 250 may include a process
of etching the preliminary metal silicide patterns 161 using
the hard mask patterns 420 and the metal gates 260 as an etch
mask. The process of forming the metal silicide patterns 250
may include an anisotropic dry etch process. Side surfaces of
the metal silicide patterns 250 may be vertically aligned with
side surfaces of the metal gates 260. The process of forming
the metal silicide patterns 250 may include a process of form-
ing a preliminary control gate 151. The process of forming the
preliminary control gate 151 may include a process of recess-
ing an upper portion of the control gate layer 150. The process
of forming the preliminary control gate 151 may be sequen-
tially performed together with the process of forming the
metal silicide patterns 250. The preliminary control gate 151
may include a first region 151w, which is formed to be
recessed by the process of forming the metal silicide patterns
250. Side surfaces of the first region 151u of the preliminary
control gate 151 may be vertically aligned with the side
surfaces of the metal silicide patterns 250.

Referring to FIGS. 19A, 19B and 26, the method may
include a process of forming a protective layer 180 on the
substrate 100 (S113). The process of forming the protective
layer 180 may include a CVD process oran ALD process. The
protective layer 180 may conformally cover exposed surfaces
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of'the preliminary control gate 151, the metal silicide patterns
250, the metal gates 260, and the hard mask patterns 420.

Referring to FIGS. 20A, 20B and 26, the method may
include a process of forming protective patterns 181 on the
side surfaces of the metal silicide patterns 250 and the metal
gates 260 (S114). The process of forming the protective pat-
terns 181 may include an anisotropic dry etch process. The
protective patterns 181 may cover the recessed side surfaces
of the preliminary control gate 151. Side surfaces of the
protective patterns 181 may be vertically aligned with side
surfaces of the hard mask patterns 420. The protective pat-
terns 181 may prevent the generation of a byproduct from the
metal gates 260 in a subsequent process.

Referring to FIGS. 21A, 21B and 26, the method may
include a process of forming preliminary gate structures P
(S115). The process of forming the preliminary gate struc-
tures P may include a process of forming control gates 240, a
process of forming inter-gate insulating patterns 230, and a
process of forming floating gates 220. The process of forming
the preliminary gate structures P may include an anisotropic
dry etch process. The preliminary gate structures P may
include the preliminary tunnel insulating patterns 111, the
floating gates 220, the inter-gate insulating patterns 230, the
control gates 240, the metal silicide patterns 250, the metal
gates 260, the protective patterns 181, and the hard mask
patterns 420. The process of forming the control gates 240
may include a process of etching the preliminary control gate
151 using the hard mask patterns 420 as an etch mask. The
process of forming the inter-gate insulating patterns 230 may
include a process of etching the inter-gate insulating layer 140
using the hard mask patterns 420 as an etch mask. The process
of forming the floating gates 220 may include a process of
etching the preliminary floating gates 121 using the hard
mask patterns 420 as an etch mask.

Referring to FIGS. 22A, 22B and 26, the method may
include a process of forming a buffer layer 190 on the sub-
strate 100 (S116). The process of forming the buffer layer 190
may include an ALD process. The buffer layer 190 may
conformally cover surfaces of the preliminary gate structures
P.

Referring to FIGS. 23A, 23B and 26, the method may
include a process of forming impurity regions 100q in the
substrate 100 (S117). The process of forming the impurity
regions 100a may include a process of doping a dopant in the
substrate 100. For example, the process of forming the impu-
rity regions 100a may include a process of injecting an N-type
dopant in the substrate 100. The process of injecting the
N-type dopant may include an ion implantation process. The
dopant may be diftfused into the substrate 100. Accordingly, a
maximum horizontal width Wd of the impurity regions 100a
may be greater in size than a spacing Ha of the buffer layer
190 between the preliminary gate structures P. The maximum
horizontal width Wd of the impurity regions 100a may be
smaller than an inter-gate spacing distance Hg between the
preliminary gate structures P. The impurity regions 100a may
have an inter-impurity-region spacing distance Hd therebe-
tween. The inter-impurity-region spacing distance Hd may be
smaller than a gate horizontality width Wg of the preliminary
gate structures P (Hd>Wg).

Referring to FIGS. 24A, 24B and 26, the method may
include a process of removing the buffer layer 190 (S118).
The process of removing the buffer layer 190 may include an
isotropic wet etch process. The process of removing the
buffer layer 190 may include a process of forming third pre-
liminary field insulators 133. The process of forming the third
preliminary field insulators 133 may include a process of
forming first preliminary recess regions 133r. The process of
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forming the first preliminary recess regions 1337 may include
a process of recessing upper surfaces of the second prelimi-
nary field insulators 133, which are exposed by the prelimi-
nary gate structures P. The second preliminary field insulators
133 exposed by the preliminary gate structures P may be
regions that have been physically/chemically damaged by the
ion implantation process. The damaged regions of the second
preliminary field insulators 132 may be etched more easily
than the preliminary tunnel insulating patterns 111. The pro-
cess of forming the first preliminary recess regions 1337 may
be sequentially performed together with the process of
removing the buffer layer 190.

Referring to FIGS. 25A, 25B and 26, the method may
include a process of forming gate structures 200 (S119). The
process of forming the gate structures 200 may include a
process of forming tunnel insulating patterns 211. The pro-
cess of forming the tunnel insulating patterns 211 may
include a process of etching the preliminary tunnel insulating
patterns 111 using the hard mask patterns 420 as an etch
mask. The process of forming the tunnel insulating patterns
211 may include an isotropic wet etch process. The tunnel
insulating patterns 211 may be formed to include protruded
regions 211p. The protruded regions 211p may be protruded
from side surfaces of the floating gates 220. The protruded
regions 211p may include sloped surfaces 211s. End portions
of the sloped surfaces 211s may be formed to be separated
from end portions of the impurity regions 100a. The process
of forming the gate structures 200 may include a process of
forming field insulators 101. The process of forming the field
insulators 101 may include a process of forming recess
regions 1017. The process of forming the recess regions 1017
may include a process of partially etching the third prelimi-
nary field insulators 133 exposed by the preliminary gate
structures P. The third preliminary field insulators 133
exposed by the preliminary gate structures P may be the first
preliminary recess regions 1337. The process of forming the
recess regions 1017 may include a process of etching the first
preliminary recess regions 1337. The first preliminary recess
regions 1337 may be removed faster than the preliminary
tunnel insulating patterns 111. A lowermost level of the recess
regions 1017 may be lower than a lowermost level of the
impurity regions 100a. The lowermost level of the recess
regions 1017 may be lower than an upper surface of the active
regions ACT. A maximum horizontal width Wrl (see FIG.
2A) of the recess regions 1017 may be greater than the maxi-
mum horizontal width Wd of the impurity regions 100a
(Wrl>Wd). The maximum horizontal width of the recess
regions 1017 may be greater than the inter-gate spacing dis-
tance between the gate structures 200. The recess regions
1017 may be formed to be partially overlapped with the gate
structures 200 on the field region FLD. The process of form-
ing the gate structures 200 may be sequentially performed
together with the process of removing the buffer layer 190.
The process of removing the buffer layer 190 and the process
of forming the gate structures 200 may be a single process.
That is, in the above method, FIGS. 24A and 24B may be
cross-sectional views showing a middle stage performed by
the single process.

Subsequently, referring to FIGS. 2A, 2B and 26, the
method may include a process of forming the interlayer insu-
lating layer 500 on the substrate 100 (S120). The process of
forming the interlayer insulating layer 500 may include a
CVD process. The CVD process may include an LPCVD
process and a PECVD process. The process of forming the
interlayer insulating layer 500 may include a process of form-
ing air gaps 300 between the gate structures 200. The inter-
layer insulating layer 500 may be formed to be thick on corner
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regions of upper surfaces of the gate structures 200. The
interlayer insulating layer 500 may connect the corner
regions of the upper surfaces of the gate structures 200 to form
the air gaps 300 between the gate structures 200. The air gaps
300 may be defined by the substrate 100, the gate structures
200, and the interlayer insulating layer 500.

FIGS.27A to 30A and 27B to 30B illustrate cross-sectional
views depicting stages of a method of fabricating a semicon-
ductor device according to another exemplary embodiment.
FIG. 31 is a flow chart illustrating a method of fabricating a
semiconductor device according to this exemplary embodi-
ment.

A method of fabricating a semiconductor device according
to this exemplary embodiment will be described by referring
to FIGS. 5A, 5B, 27A to 30A, 27B to 30B and 31.

Referring to FIGS. 27A, 27B and 31, a method of fabricat-
ing a semiconductor device according to this exemplary
embodiment may include a process of forming preliminary
gate structures P on a substrate 100 which includes active
regions ACT and a field region FLLD (S201), a process of
forming a buffer layer 190 that covers the preliminary gate
structures P (S202) (refer, for example, to the bufter layer 190
illustrated in FIGS. 22A and 22B), and a process of forming
impurity regions 100« in the substrate 100 (S203).

Next, the method may include a process of forming spacers
191 (S204). The process of forming the spacers 191 may
include an anisotropic dry etch process to partially remove the
buffer layer 190. The spacers 191 may expose upper surfaces
of'the preliminary gate structures P and cover side surfaces of
the preliminary gate structures P. The process of forming the
spacers 191 may include a process of forming a first prelimi-
nary field insulator 134. The process of forming the first
preliminary field insulator 134 may include a process of
forming first preliminary recess regions 134. The process of
forming the first preliminary recess regions 1347 may include
a process of recessing the field region FLD which is exposed
by the spacers 191. The field region FLLD exposed by the
spacers 191 may be physically/chemically damaged regions
by the ion implantation process. An upper portion of the field
region FLD may be recessed by the process of forming the
spacers 191. The process of forming the first preliminary
recess regions 134» may be sequentially performed together
with the process of forming the spacers 191. A lowermost
level of the first preliminary recess regions 1347 may be
formed lower than a lowermost level of the impurity regions
100a. A maximum horizontal width Wr3 of the first prelimi-
nary recess regions 1347 may be the same size as a spacing Ha
of the buffer layer 190 between the preliminary gate struc-
tures P (Wr3=Ha). The maximum horizontal width Wr3 of the
first preliminary recess regions 134» may be smaller than a
maximum horizontal width Wd of the impurity regions 100a
(Wr3<wd).

Referring to FIGS. 28A, 28B and 31, the method may
include a process of removing the spacers 191 (S205). The
process of removing the spacers 191 may include an isotropic
wet etch process. The process of removing the spacers 191
may include a process of forming a second preliminary field
insulator 135. The process of forming the second preliminary
field insulator 135 may include a process of forming second
preliminary recess regions 1357. The process of forming the
second preliminary recess regions 1357 may include a pro-
cess of recessing the field region FL.D which is exposed by the
preliminary gate structures P. The field region FLD exposed
by the preliminary gate structures P may be the first prelimi-
nary recess regions 134 of the first preliminary field insulator
134. The field region FLLD exposed by the preliminary gate
structures P may be recessed by the removal of the spacers
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191. The process of forming the first preliminary recess
regions 134 may be sequentially performed together with the
process of removing the spacers 191. A lowermost level of the
second preliminary recess regions 1357 may be on the same
level as an upper surface of the active regions ACT.

Referring to FIGS. 29A, 29B and 31, the method may
include a process of forming gate structures 200 (S206). The
process of forming the gate structures 200 may include a
process of forming tunnel insulating patterns 213. The pro-
cess of forming the tunnel insulating patterns 213 may
include a process of etching the preliminary tunnel insulating
patterns 111 using hard mask patterns 420 as an etch mask.
The tunnel insulating patterns 213 may include protruded
regions 213p. The process of forming the gate structures 200
may include forming a field insulator 103. The process of
forming the field insulator 103 may include forming recess
regions 1037. The process of forming the recess regions 1037
may include etching the second preliminary field insulator
135 which is exposed by the preliminary gate structures P.
The second preliminary field insulator 135 exposed by the
preliminary gate structures P may be the second preliminary
recess regions 1357. The process of forming the recess
regions 1037 may include etching the second preliminary
recess regions 1357. The process of forming the gate struc-
tures 200 may be sequentially performed together with the
removal of the spacers 191. The removal of the spacers 191
and the process of forming the gate structures 200 may be
performed using a single process. That is, in the above
method, the FIGS. 28A and 28B may be cross-sectional views
showing a middle stage performed by the single process.
After the removal of the spacers 191, the method may be
performed to form an interlayer insulating layer 500.

Referring to FIGS. 30A, 30B and 31, the method may
include forming a field insulator 104 (S207). The field insu-
lator 104 may be formed to be spaced apart from the gate
structures 200 on the field region FLD. The process of form-
ing the field insulator 104 may include etching the field insu-
lator 103. The process of etching the field insulator 103 may
include an isotropic wet etch process. An uppermost level of
the field insulator 104 may be lower than the upper surface of
the active regions ACT. The uppermost level of the field
insulator 104 may be lower than the lowermost level of the
impurity regions 100a. The process of forming the field insu-
lator 104 may include forming recess regions 1047. The pro-
cess of forming the field insulator 104 may include forming
tunnel insulating patterns 214. The process of forming the
tunnel insulating patterns 214 may include a process of
removing the protruded region 213p of the tunnel insulating
patterns 213. The process of forming the field insulator 104
may be sequentially performed together with the process of
forming the gate structures 200. The process of removing the
spacers 191, the process of forming the gate structures 200,
and the process of forming the field insulator 104 may be a
single process. That is, in the above method, FIGS. 28A and
28B, and 29 A and 29B may be cross-sectional views showing
a middle stage performed by the single process.

Referring to FIGS. 5A, 5B and 31, the method may include
a process of forming an interlayer insulating layer 500
(S208). The process of forming the interlayer insulating layer
500 may include a process of forming air gaps 300 between
the gate structures 200. The air gaps 300 may be defined by
the substrate 100, the gate structures 200, and the interlayer
insulating layer 500.

FIGS. 32A, 32B, 33A and 33B illustrate cross-sectional
views depicting a method of fabricating a semiconductor
device according to another exemplary embodiment.
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A method of fabricating a semiconductor device according
to this exemplary embodiment will be described by referring
to FIGS. 6A, 6B, 32A, 32B, 33A and 33B.

Firstly referring to FIGS. 32A and 32B, a method of fab-
ricating a semiconductor device according to a third exem-
plary embodiment may include a process of defining active
regions ACT and a field region FLD in a substrate 100, a
process of forming preliminary gate structures P on the sub-
strate 100, and a process of forming a buffer layer 190 which
covers the preliminary gate structures P.

Next, the method may include a process of forming impu-
rity regions 1005 in the substrate 100. The process of forming
the impurity regions 1005 may include an ion implantation
process to strongly dope a dopant in the substrate 100. The
process of forming the impurity regions 1006 may include a
process of forming a preliminary field insulator 136. The
preliminary field insulator 136 may include the impurity
regions 1005 between the preliminary gate structures P.

Firstly referring to FIGS. 33A and 33B, the method may
include a process of forming a field insulator 105. The process
of forming the field insulator 105 may include a process of
removing the buffer layer 190. The process of forming the
field insulator 105 may include a process of etching the pre-
liminary field insulator 136. The process of etching the pre-
liminary field insulator 136 may include an isotropic wet etch
process. The field insulator 105 may be formed to be spaced
apart from gate structures 200 on the field region FLD. A
lowermost level of the field insulator 105 may be disposed
between a lowermost level of the impurity regions 1005, and
an upper surface of the active regions ACT. The process of
forming the field insulator 105 may include a process of
forming recess regions 1057. A lowermost level of the recess
regions 1057 may be lower than the lowermost level of the
impurity regions 1005. The lowermost level of the impurity
regions 1005 may be disposed between the lowermost level of
the recess regions 1057, and an uppermost level of the field
insulator 105. The process of forming the field insulator 105
may include forming tunnel insulating patterns 215. The pro-
cess of forming the tunnel insulating patterns 215 may
include an isotropic wet etch process. Preliminary tunnel
insulating patterns 111 of FIGS. 32 A and 32B may be slightly
damaged by the strongly doped dopant during the process of
forming the impurity regions 1005. The preliminary tunnel
insulating patterns 111 may be removed more easily between
the preliminary gate structures P than under the preliminary
gate structures P. The process of forming the tunnel insulating
patterns 215 may be sequentially performed together with the
process of forming the field insulator 105.

Referring to FIGS. 6A and 6B, the method may include a
process of forming an interlayer insulating layer 500 on the
gate structures 200. The process of forming the interlayer
insulating layer 500 may include a process of forming air gaps
between the gate structures 200.

FIG. 34 is a block diagram showing an electronic device
including a semiconductor device according to exemplary
embodiments.

Referring to FIG. 34, an electronic device 1000 may
include a display unit 1100, a body 1200, and an external
apparatus 1300. The body 1200 may be a system board or a
mother board including a printed circuit board (PCB). The
body 1200 may include a microprocessor unit 1210, a power
unit 1220, a function unit 1230, and a display controller unit
1240. The microprocessor unit 1210, the power unit 1220, the
function unit 1230, and the display controller unit 1240 may
be mounted or equipped on the body 1200. The microproces-
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sor unit 1210 may receive voltage from the power unit 1220 to
control the function unit 1230 and the display controller unit
1240. The power unit 1220 may receive a constant voltage
from an external power supply, etc., and divide the constant
voltage level into various voltage levels. The power unit 1220
may provide voltages corresponding to the various voltage
levels, to the micro processor unit 1210, the function unit
1230 and the display controller unit 1240, etc. The function
unit 1230 may perform various functions of the electronic
device 1000. For example, the function unit 1230 may include
various elements capable of performing functions such as
wireless communication such as an image output to the dis-
play unit 1100, and a voice output to a speaker by dialing or
communication with the external unit 1300. When the elec-
tronic device 1000 includes a camera, the function unit 1230
can function as an image processor. The microprocessor unit
1210 and the function unit 1230 may include a semiconductor
device according to exemplary embodiments, for processing
various signals. Accordingly, reliability of the electronic
device 1000 may be improved. The display unit 1100 may be
disposed on one side surface of the body 1200. The display
unit 1100 may be connected with the body 1200. The display
unit 1100 may implement a processed image by the display
controller unit 1240 of the body 1200. The electronic device
1000 may be connected with a memory card, etc. for capacity
expansion. In this case, the function unit 1230 may include a
memory card controller. The function unit 1230 may send a
signal to the external unit 1300 and receive a signal from the
external unit 1300 through a wire or wireless communication
unit 1400. Also, the electronic device 1000 may include a
universal serial bus (USB), etc. for function expansion. In this
case, the function unit 1230 may function as an interface
controller.

FIG. 35 illustrates a perspective view showing a mobile
device including a semiconductor device according to exem-
plary embodiments.

Referring to FIG. 35, a mobile device 2000 may be a
mobile wireless phone. For example, the mobile device 2000
may be a tablet PC. The mobile device 2000 may include a
semiconductor device according to exemplary embodiments.
As such, reliability of the mobile device 2000 may be
improved.

FIG. 36 is a block diagram showing a data storing device
including a semiconductor device according to exemplary
embodiments.

Referring to FIG. 36, a data storing device 3000 may
include a non-volatile memory 3100, a buffer memory 3200,
a controller 3300, and an interface 3400. The non-volatile
memory 3100 may include a semiconductor device according
to exemplary embodiments. The data storing device 3000
may be a device storing data by using the semiconductor
device. The data storing device 3000 may be a solid state disk
(SSD). The SSD may be fast in speed, and also less in
mechanical delay or failure, heating, noise as compared with
ahard disk drive (HDD), and thereby formed small and light.
The SSD may be used in a notebook PC, a desktop PC, an
MP3 player, or a portable storage device. The controller 3300
may be formed adjacent to and electrically connected with the
interface 3400. The controller 3300 may be a microprocessor
including a memory controller and a buffer controller. The
non-volatile memory 3100 may be formed adjacent to and
electrically connected with the controller 3300. Data storage
capacity of the data storing device 3000 may correspond to
the non-volatile memory 3100. The buffer memory 3200 may
be formed adjacent to and electrically connected with the
controller 3300. The interface 3400 may be connected with a
host 3002 and may serve as a transceiver of electric signals
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such as data. For example, the interface 3400 may be a device
which uses a standard such as serial advanced technology
attachment (SATA), integrated device electronics (IDE),
small computer system interface (SCSI), and/or combination
thereof. The non-volatile memory 3100 may be connected
with the interface 3400 via the controller 3300. The non-
volatile memory 3100 may serve as storage of data which is
received through the interface 3400. Although a power source
is not provided to the data storing device 3000, the data stored
in the non-volatile memory 3100 is characterized by preser-
vation. The buffer memory 3200 may include a volatile
memory. The volatile memory may be a dynamic random
access memory (DRAM) and/or a static random access
memory (SRAM). The buffer memory 3200 may show a
relatively fast operation speed as compared with the non-
volatile memory 3100. Data processing speed of the interface
3400 may be relatively fast as compared with operation speed
of the non-volatile memory 3100. Here, the buffer memory
3200 may serve as temporary storage of data. Data received
through the interface 3400 may be temporarily stored in the
buffer memory 3200 via the controller 3300, and then may be
permanently stored in the non-volatile memory 3100 corre-
sponding to data writing speed of the non-volatile memory
3100. Also, frequently used data of the stored data in the
non-volatile memory 3100 may be previously read to tempo-
rarily store in the buffer memory 3200. That is, the buffer
memory 3200 may increase an effective operation speed of
the data storing device 3000 and reduce an error rate.

FIG. 37 is a block diagram showing an electronic system
including a semiconductor device according to exemplary
embodiments.

Referring to FIG. 37, an electronic system 4000 may
include an interface 4100, a memory 4200, an input/output
device 4300, and a controller 4400. The interface 4100 may
be electrically connected with the memory 4200, the input/
output device 4300, and the controller 4400 through the bus
4500. The interface 4100 may exchange data with an external
system. The memory 4200 may be a non-volatile memory
device including a semiconductor device according to exem-
plary embodiments. The memory 4200 may store command
performed by the controller 4400 and/or data. The controller
4400 may include a microprocessor, a digital processor, or a
microcontroller. The electronic system 4000 may include a
personal digital assistant (PDA), a portable computer, a web
tablet, a wireless phone, a mobile phone, or a digital music
player.

As described above, a semiconductor device and a method
of fabricating the same according to exemplary embodiments
may reduce a short channel effect between a source region
and a drain region, and parasitic capacitance between gate
structures, thereby being effective in improving reliability of
the semiconductor device.

Example embodiments have been disclosed herein, and
although specific terms are employed, they are used and are to
be interpreted in a generic and descriptive sense only and not
for purpose of limitation. In some instances, as would be
apparent to one of ordinary skill in the art as of the filing of the
present application, features, characteristics, and/or elements
described in connection with a particular embodiment may be
used singly or in combination with features, characteristics,
and/or elements described in connection with other embodi-
ments unless otherwise specifically indicated. Accordingly, it
will be understood by those of skill in the art that various
changes in form and details may be made without departing
from the spirit and scope of the present invention as set forth
in the following claims.



US 9,064,734 B2

23

What is claimed is:

1. A semiconductor device, comprising:

a substrate including an active region and a field region, the
field region including a trench and a field insulator filling
the trench;

first gate structures disposed on the active region;

first air gaps disposed on the active region, and between the
first gate structures;

second gate structures disposed on the field insulator of the
field region;

second air gaps disposed on the field insulator of the field
region, and between the second gate structures; and

an interlayer insulating layer disposed on the first gate
structures, the first air gaps, the second gate structures,
and the second air gaps,

wherein a lowermost level of the second air gaps is lower
than a lowermost level of the first gate structures, and

wherein an uppermost level of the field insulator is the
same as a lowermost level of the second gate structures.

2. The semiconductor device as claimed in claim 1,
wherein the second air gaps include an undercut formed under
adjacent second gate structures, such that a maximum width
of'the second air gap between the adjacent second gate struc-
tures is greater than a distance between the adjacent second
gate structures.

3. The semiconductor device as claimed in claim 1,
wherein a lowermost level of the first air gaps is coplanar with
the lowermost level of the first gate structures.

4. The semiconductor device as claimed in claim 1,
wherein the lowermost level of the first gate structures is
coplanar with an uppermost level of the active region.

5. The semiconductor device as claimed in claim 1,
wherein:

the field insulator includes recess regions disposed
between the second gate structures, and

the second air gaps extend into the inside of the recess
regions.

6. The semiconductor device as claimed in claim 5,

wherein:

the active region includes impurity regions between the
first gate structures, and

a vertical depth of the impurity regions is smaller than a
vertical distance between a lowermost level of the recess
regions and the lowermost level of the second gate struc-
tures.

7. The semiconductor device as claimed in claim 1,
wherein a plane including an uppermost level of the active
region is between the uppermost level of the field insulator
and the lowermost level of the recess of the field insulator.

8. The semiconductor device as claimed in claim 1,
wherein a difference between a vertical height of the first gate
structures and a vertical height of the first air gaps is smaller
than a difference between a vertical height of the second gate
structures and a vertical height of the second air gaps.

9. The semiconductor device as claimed in claim 8,
wherein the vertical height of the first gate structures is
greater than the vertical height of the second gate structures.

10. A semiconductor device, comprising:

a substrate including an active region and a field region, the
field region including a trench and a field insulator filling
the trench;

gate structures intersecting the active region and the field
region;
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air gaps disposed between the gate structures, the air gaps
intersecting the field insulator; and

an interlayer insulating layer disposed on the gate struc-
tures and the air gaps,

wherein a lowermost level of the air gaps is lower than a
lowermost level of the gate structures, and

wherein an uppermost level of the field insulator is higher
than the lowermost level of the gate structures.

11. The semiconductor device as claimed in claim 10,
wherein the lowermost level of the air gaps is located in the
field region.

12. The semiconductor device as claimed in claim 11,
wherein the lowermost level of the gate structures is located in
the active region.

13. The semiconductor device as claimed in claim 10,
wherein:

the field insulator includes a recess disposed between adja-
cent gate structures, and

a height difference between a lowermost level of the recess
and the uppermost level of the field insulator is greater
than a height difference between an uppermost level of
the air gaps and a lowermost level of the interlayer
insulating layer.

14. A semiconductor device comprising:

a substrate including an active region and a field region, the
field region including a trench and a field insulator filling
the trench;

first gate structures disposed on the active region;

first air gaps disposed between the first gate structures;

second gate structures disposed on the field insulator of the
field region;

second air gaps disposed between the second gate struc-
tures; and

an interlayer insulating layer disposed on the first gate
structures, the first air gaps, the second gate structures,
and the second air gaps;

wherein a level of an upper surface of the field insulator
under the second air gaps is lower than a level of an upper
surface of the field insulator under the second gate struc-
tures.

15. The semiconductor device as claimed in claim 14,
further comprising impurity regions between the first gate
structures, wherein:

each first gate structure includes a tunnel insulating pattern
directly on the substrate, the tunnel insulating pattern
protruding horizontally with respect to side surfaces of
the first gate structure, and

the tunnel insulating pattern does not overlap the impurity
regions between the adjacent first gate structures.

16. The semiconductor device as claimed in claim 14,

wherein:

a maximum width of the second air gap in a direction
between adjacent second gate structures is greater than a
distance between the adjacent second gate structures.

17. The semiconductor device as claimed in claim 16,
wherein the distance between the adjacent first gate structures
is same as the distance between the adjacent second gate
structures.

18. The semiconductor device as claimed in claim 16,
wherein the maximum width of the second air gap in a direc-
tion between adjacent second gate structures is greater than a
maximum width of the first air gap in a direction between
adjacent first gate structures.
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